OBJECTIVE: Genome-wide association studies (GWAS) have identified some common variants associated with obesity risk in European descents. However, their influences on obesity-related indices for the Chinese children at puberty are not widely clear yet. To address this question, we conducted a study that aims to examine effects of eight previously reported GWAS singlenucleotide polymorphisms (SNPs) on four obesity-related indices in a sample of Chinese children aged 10 --12 years. METHODS: Anthropometric indices were measured in 1688 children (10.8 ± 0.4 years, boys ¼ 877, girls ¼ 811) from Shanghai Children's Sleep Project. Eight SNPs within the NEGR1, TMEM18, GNPDA2, MTCH2, SH2B1, FTO, MC4R and KCTD15 genes were genotyped using matrix-assisted laser desorption/ionization --time of flight mass spectrometry. Linear regression and genetic additive model were used to test for the association betweens SNPs and obesity-related indices (weight, body mass index (BMI), waist-to-height ratio and body fat). RESULTS: Only two SNPs, rs6548238 (TMEM18) and rs9939609 (FTO), were associated with all obesity-related indices with Po0.05. After adjusting for multiple tests, rs9939609 is the only one significantly associated with the indices. SNPs, rs6548238 and rs9939609 explained 0.28% (P ¼ 0.03) and 0.54% (P ¼ 0.002) variance of BMI, respectively, that are almost two-fold of the previously GWAS-reported effects. In addition, rs6548238 was associated with four indices in boys, but not in girls. In contrast, rs9939609 showed a strong association only in girls. Six other SNPs, rs2815752 (NEGR1), rs10938397 (GNPDA2), rs10838738 (MTCH2), rs7498665 (SH2B1), rs17782313 (MC4R) and rs11084753 (KCTD15), were not associated with obesity (P40.05). CONCLUSIONS: Variants of TMEM18 and FTO are associated with obesity indices during puberty in Chinese children, but candidate SNPs of NEGR1, GNPDA2, MTCH2, SH2B1, MC4R and KCTD15 have no significant effects on obesity indices. The findings also suggest that obesity susceptibility genes may exert more obvious effects during children's puberty. In addition, gender differences may exist in various obesity-related genes.
INTRODUCTION
Obesity and overweight are defined as abnormal or excessive fat accumulation and are quantified by calculating body mass index (BMI). Obesity is a medical disorder that leads to comorbidities such as cardiovascular disease, type 2 diabetes, obstructive sleep apnea, arthritis, and several cancers. 1 Obesity in childhood is strongly associated with increased incidence of premature death. 2, 3 As of 2008, the World Health Organization estimated that B1.5 billion adults were overweight and at least 500 million adults were obese. The worldwide prevalence of childhood overweight and obesity had attained 6.7% by 2010. 4 Consequently, there is sufficient evidence to support that obesity is one of the most serious public health problems of the 21st century.
Obesity is a complex disorder that is affected by many interacting genetic and non-genetic factors. 5 The latter include excessive dietary calorie intake, lack of physical activity and environmental changes. Although the impact of these factors is significant, it is clear that underlying genetic elements are also important in obesity. 6 A twins study showed that genetics has a remarkable effect on obesity in an obesogenic environment. 7 With the development of genetic technology, particularly studies in the field of genetic epidemiology, the search for genetic influences on complex traits has been revolutionized. In 2007, two research groups simultaneously showed that the FTO gene contains a common variant explicitly associated with BMI and increased risk for obesity. 8, 9 So far, 410 candidate genes have been found to be associated with non-syndromic obesity.
In the past few years, the work of genome-wide association studies (GWAS) has produced a number of novel obesity genes. A meta-analysis of 15 GWAS performed by the GIANT consortium with a total of 32 387 individuals of European ancestry revealed six new single-nucleotide polymorphism (SNP) markers that are associated with BMI. 10 The closest genes from these SNPs include TMEM18, GNPDA2, SH2B1, MTCH2, KCTD15 and NEGR1, in addition to the previously reported FTO and MCR4. Subsequently, six of eight SNPs were replicated in 4923 adults from northern Sweden. 11 However, further investigation needs to be done in populations with variable age and ethnicity, especially children because the strength of a genetic effect can vary by age, causing 'age-varying associations'. 12 In this study, we investigated the previously reported eight SNPs in ethnically homogenous children from Shanghai, China. Our aim is to evaluate their risk effects in Chinese children at age 10 --12 years.
SUBJECTS AND METHODS

Study subjects
We studied a total of 1688 unrelated Han Chinese subjects, including 811 girls and 877 boys from 10 primary schools in Shanghai by stratified cluster random sampling method. All subjects were recruited from Shanghai Children's Sleep Project. This project was started in 2009 with the goal of studying the relationship of sleep and childhood obesity. The study was approved by the ethics committee of Shanghai Children's Medical Center, and written informed consent was obtained from the parents or guardians.
Anthropometric measurements
Anthropometric indices (including weight, height, waist circumference, tricep and subscapular skinfold thicknesses) were measured as obesityrelated indices in all children according to World Health Organization recommended methods for measurement and standardization protocols for anthropometry. 13 The equipment was calibrated daily by the manufacturer's calibrator. The indices were measured twice by two trained technicians. The maximum allowed differences between the measurements of two observers were set at 0.1 kg for weight, 0.7 cm for length, 0.5 cm for circumferences, and 0.12 cm for skinfolds. The final value to be used for the assessment of obesity was the average of each pair of measurements.
Body fat (BF) proportion was calculated with the Yao Xinjia formula, which was widely used in Chinese school age children from 7 --12 years. 14 The formula for boys of 7 --12 years old: %BF ¼ 6.931 þ 0.428X; for girls of 7 --12 years, %BF ¼ 7.896 þ 0.458X; X (mm) ¼ skin fold thicknesses (triceps þ subscapular).
Specimen collection and DNA extraction
Approximately 0.2 ml of blood was collected from each subject by finger puncture in EDTA tubes. The genomic DNA was extracted from the whole blood using the QIAamp DNA Micro Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. DNA concentrations were measured with the NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA).
SNP genotyping
Primary PCR for the region surrounding the SNPs was performed in 5 ml volumes containing 0.1 units of Taq polymerase, 2 ng of genome-amplified genomic DNA, 0.5 pmol of each PCR primer and 0.5 mol of dNTP. Thermocycling was performed at 94 1C for 15 s followed by 45 cycles of 94 1C for 20 s, 56 1C for 30 s and 72 1C for 1 min. Unincorporated dNTPs were deactivated using 0.51 U of shrimp alkaline phosphatase, and primer extension was carried out using 5.4 pmol of each primer extension probe, 50 mol of the appropriate dNTP/ddNTP combination and 0.5 units of Thermosequenase DNA polymerase. Reactions were cycled at 94 1C for 30 s, followed by 40 cycles of 94 1C , 50 1C and 80 1C for 5 s. After the addition of a cation exchange resin to remove residual salt from the reactions, the purified primer extension reaction was loaded onto a matrix pad (3-hydroxypicoloinic acid) of a SpectroCHIP (Sequenom, San Diego, CA, USA). SpectroCHIPs were analyzed using a Bruker Biflex III matrixassisted laser desorption/ionization --time of flight mass spectrometer (SpectroREADER, Sequenom). 
Statistical analysis
Statistical analyses were performed using R (version 2.13; GNU free project, which can be downloaded from (http://www.r-project.org/). Hardy-Weinberg equilibrium was examined by Fisher's exact test for every SNP. 15 A linear regression model was used to examine the individual effect of each SNP on anthropometric indices with age and sex as confounding variables. A genetic additive model was adopted for all tests. Effects of variants were estimated as per effect allele change in the indices (b) or percentage of explained variance for the indices. The Bonferroni correction was used to control for multiple testing of eight SNPs (a ¼ 0.006). In addition, stratified analysis by gender was also performed to evaluate the gender differences of variant effects.
RESULTS
Characteristics of the current subjects
The study included 1688 recruited Han Chinese children (877 boys and 811 girls). The mean age of subjects was 10.82 ± 0.40 years (10.83 ± 0.40 and 10.80 ± 0.38 years for boys and girls, respectively). The anthropometric indices of body composition and adipose distribution were measured and calculated.
We genotyped eight SNPs (rs2815752_NEGR1, rs6548238_ TMEM18, rs10938397_GNPDA2, rs10838738_MTCH2, rs7498665_ SH2B1, rs9939609_FTO, rs17782313_MC4R and rs11084753_ KCTD15) in ethnically homogenous children. The allele frequencies of SNPs observed in our study were similar to the HapMap Han Chinese. 16 Hardy-Weinberg equilibrium was assessed at each SNP locus using the Fisher's exact test. All eight SNPs have P (Hardy-Weinberg equilibrium_P) values 40.05.
Basic characteristics of our current subjects are shown in Table 1  and Table 2 .
Genotype associated with measures of body composition and adipose distribution Of the eight replicated SNPs, only two (rs6548238_TMEM18 and rs9939609_FTO) were nominally significantly associated (Po0.05) with anthropometric indices of obesity (weight, BMI, waist-toheight ratio (WHtR) and BF) in our cohort (Table 3 ). These two SNPs were also reported from GWAS data to have the strongest association with BMI (refer to data, 10 the b estimates:
Further analysis by gender showed that rs6548238_TMEM18 was associated with obesity among boys but not among girls. However, the result for rs9939609_FTO was the opposite: it was statistically significant among girls but not among boys. The associations for rs10838738_MTCH2 were similar to rs6548238_TMEM18, but it was only associated with weight and BMI. Furthermore, the rs17782313_MC4R was only associated with WHtR among girls. The other SNPs in NEGR1, GNPDA2, SH2B1 and KCTD15 were not associated with the four indices. After Bonferroni adjustment for multiple testing, rs9939609_FTO was the only SNP significantly associated with the four indices in the overall sample and girls (Po0.00625).
Genetic effects on obesity assessed according to gender Percentages of explained variance were obtained from linear models on obesity-related indices (Figure 1 ). The genetic effects were further analyzed according to gender. Strong differences in the effects (explained variance %) were observed for rs9939609_ FTO and rs6548238_TMEM18. The genetic effects of rs9939609 were more apparent among female subjects. In contrast, rs6548238 was more obvious among male subjects.
DISCUSSION
Many studies suggest that race-or ethnic-specific BMI classifications need to be established to more accurately identify those who are obese, because using a single universal cutoff value worldwide to define obesity is not justified. 17, 18 In children, BMI percentile changes may not accurately reflect changes in adiposity over time, particularly among male adolescents and children of lower BMI. 19, 20 The skinfold thicknesses and WHtR would be better predictors of adverse health outcomes than BMI. 21, 22 In our study, we did not deliberately choose extremely obese children as the object of study. According to World Health Organization recommended methods, we measured weight, height, waist circumference and skinfold thickness. These helped us obtain high quality and accurate results in the genetic study of obesity. Multiple anthropometric indices should be considered in the study of obesity 6 such as photonic scanners, air-displacement plethysmography, computed tomography and magnetic resonance imaging, and ultrasonography. However, these methods are not feasible in large-scale epidemiological studies. Lasky-Su et al. 12 observed a strong age-varying genetic association in which the genotype was associated with increased BMI. If the specifics of age-varying genetic effects are not considered in the selection of both the follow-up samples and in the statistical analysis, the results are likely to be biased. Nevertheless, many studies do not consider the possible differences between analyzing child and adult obesity. 6 We enrolled a homogenous group of 1688 children living in Shanghai to our study population. They were all fifth grade students at the primary school. The age difference was very small (10.82 ± 0.40 years), and they had similar living and learning conditions. Therefore, we think that our study population is very advantageous in that it reduces the interference of environmental factors.
We applied Quanto software 23 (http://hydra.usc.edu/gxe/) to perform the power calculation for this study. The results showed that our study had 80% power to detect genetic effects with 0.76% of the variance explained. The Bonferroni-adjusted type I error was a ¼ 0.00625 (Supplementary Figure 1) . More specifically, there was 80% power to detect genetic effect sizes: b ¼ 1.22B2.07 for weight, 0.42B0.73 for BMI, 0.007B0.012 for WtHR and 0.72B1.25 for BF (Supplementary Figure 2) . This analysis indicated that our study had sufficient power to identify genetic variants with modest effects. However, compared with GWASs with thousands of subjects, this study, with its smaller sample size (1688 subjects), may have lower power (o80%) to identify those variants with weak effects that have been identified by previous GWASs (e.g. b ¼ 0.2 for MC4R rs17782313, a polymorphism associated with BMI 10 ). This could be one of the potential reasons that most of the candidate SNPs with weak effects identified in previous GWASs was not successfully identified in this study.
The discovery of FTO (fat mass and obesity associated) as an obesity-susceptibility gene was the first major success in the field of obesity genetics. 24 So far, the FTO gene has shown the strongest obesity association in Caucasian populations. 25 It has been confirmed in a wide range of child and adult subjects.
Several SNPs of the FTO gene were initially identified by the GWAS strategy. 8, 9, 26 Most studies were conducted on the rs9939609 SNP, which is located in the first intron of the gene. The A allele in rs9939609 was shown to be associated with increased risk of developing obesity. 8 Although many researchers have reported that variations in FTO are significantly associated with obesity, the exact mechanism of effect is not clear. A recent study suggested that overexpression of FTO leads to increased food intake and results in obesity. 27 This study provided the first direct evidence that increased FTO expression causes obesity in mice. However, it has not been shown clearly whether the FTO rs9939609 SNP is associated with obesity and diabetes in Chinese adult populations. 28 --30 Our results indicate that the FTO variant rs9939609 has a strong association with weight, BMI, WHtR and skinfold thickness among girls but not among boys. Two research groups from Beijing have previously confirmed that rs9939609 is associated with BMI in Chinese children. 31, 32 The MC4R gene was the main candidate gene associated with obesity before the era of GWAS, with nearly 5% of severely obese children carrying pathogenic mutations in this gene. 33 A common SNP located 188 kb downstream of the MC4R gene (rs17782313) was found to be strongly associated with BMI and obesity risk at all age levels in Caucasian populations. 34 Similar results were reported in Chinese populations. 35, 36 However, there is controversial data in African-American youth populations. 37 Interestingly, we did not entirely replicate the association between obesity and the SNP rs17782313 among Chinese children, as this SNP was only associated with WHtR in girls.
In 2009, Willer et al. 10 identified six additional loci through a meta-analysis of 15 GWAS studies on BMI among individuals of European ancestry. These loci-related genes (NEGR1, TMEM18, GNPDA2, MTCH2, SH2B1 and KCTD15) are highly expressed in the brain (several particularly in the hypothalamus) and the central nervous system, which is involved in weight regulation. 10, 38 Recently, the association between these SNPs and obesity was confirmed in European populations. 11, 39 The TMEM18 and GNPDA2 associations have also been validated in East Asian studies. 40, 41 Figure 1. Effects of rs9939609 and rs6548238 on obesity-related indices for overall sample, boys and girls. Percentage of variation explained by rs9939609_FTO (a) and rs6548238_TMEM18 (b) for weight, BMI, WHtR and BF.
Our data show that the TMEM18 variant rs6548238 was linked with obesity in Chinese boys, and the MTCH2 SNP was associated with weight and BMI but not with WHtR or BF. However, other SNPs were not associated with anthropometric indices of obesity in our cohort. In a mouse model, expression of the TMEM18 gene was found in a majority of neuronal cells in all major brain regions. 42 Overexpression of TMEM18 protein increased the migration capacity of neural stem cells. 43 MTCH2 is also widely expressed in the brain. 44 The expression pattern of these two genes is consistent with an important role for central nervous system processes in weight regulation. 10 GWAS studies have shown that rs9939609_FTO and rs6548238_TMEM18 explained 0.34 and 0.13% of the BMI variance, respectively. 10 The two SNPs showed the strongest obesity association among adults of European descendants. In our study, the percentage of explained variance in the overall children sample was almost two-fold of that in adults (0.54 and 0.28%) (Figure 1 ). For rs9939609, each copy of the risk allele A was associated with a BMI increase of B0.50 kgm À2 in the overall and B0.81 kgm À2 in the girls, which is much higher than previously reported B0.37 kgm À2 in the Chinese adult population. 29 These findings suggest that these two genes may have more obvious effects on obesity-related indices during puberty.
After comprehensive analysis of our results, we were surprised to find that there is a phenomenon of gender differences in all of our associated SNPs. Moreover, different SNPs have different effects on the genders. Jacobsson et al. 45 first proposed that the association between common variants in the FTO gene with obesity was only found among girls in a Swedish population. However, a study of African populations was inconsistent with this view. 46 Interestingly, our results are consistent with the European populations. The percentage of explained variance evidenced large differences of effects on all measured obesity indices between girls and boys in our cohort. On the contrary, the TMEM18 gene has a significant effect in boys but not girls. These results further demonstrated that the phenomenon of gender differences exists in the genetics of obesity.
Wisniewski et al. 47 analyzed the published literature with PubMed from January 1974 through October 2008 by searching the following terms: obesity, sex, gender, hormones, family environment, body composition, adiposity and genes. They concluded that gender differences were common, both before and during puberty. Boys and girls differ in body composition, ethnic, genetic and environmental factors. In addition to the FTO gene, other genes (such as ENPP1/PC-1, PPARg-2 and ACE) have also been reported that display gender differences in the relationship of gene variants to obesity in different populations. 48 --50 In the future, more obesity genes will be identified through new technical approaches. Meanwhile, how genderspecific effects of genes have a role in obesity risk needs to be further clarified.
However, in our study, we only selected one SNP for each gene, and we did not examine more variants to investigate the correlation between these genes and obesity-related indices. In addition, the selected candidate SNPs for this study was based on previous GWASs in Caucasian populations. It is quite possible that these risk variants and linkage disequilibrium structure within candidate genes are population specific. This phenomenon was also observed in another recent study, which suggested that multiple-and population-specific risk variants can exist in a single gene. 51 This observed allelic heterogeneity likely results from natural selection or genetic drift. Therefore, the lack of association for some candidate genes in Chinese populations may also be because of limitations of the selected SNPs in candidate genes. Furthermore, the rs9939609 (FTO) and rs6548238 (TMEM18) are located outside the protein-coding regions of the genes. Further study is needed for fine mapping of these genetic regions and identification of the biological pathways associated with them.
In this study, because of the restriction of available data in this ongoing project, we did not consider the factors of food intake, physical activity, sleep, family environment and other variables, which may be involved as either confounders or gene-environment interactions. For example, the identified gender-specific genetic association in girls could be because of potentially low physical activity. The influences of these factors and the potential gene-environment interactions will be evaluated in the next step of this ongoing study.
In summary, this study successfully confirmed the association of FTO and TMEM18 gene SNPs with anthropometric indices of obesity in homogenous Chinese children. However, we did not observe significant associations between other SNPs and these indices. More importantly, gender differences were found for the TMEM18 variant rs6548238 and the FTO variant rs9939609. TMEM18 was associated with obesity among boys but not among girls. In contrast, FTO showed a strong association only in girls. These results demonstrate a sex difference in the association of the polymorphism and obesity. In addition, compared with previous GWAS studies, we observed much larger effects of these two variants in this study, which suggest that FTO and TMEM18 may exert larger influences on anthropometric indices during children's puberty.
